The outer medullary collecting duct (OMCD) absorbs HCO at high rates, but it is not clear if it responds to metabolic acidosis to increase H ϩ secretion. We measured net HCO transport in isolated perfused OMCDs taken from deep in the inner stripes of kidneys from control and acidotic (NH 4 Cl-fed for 3 d) rabbits. We used specific inhibitors to characterize the mechanisms of HCO transport: 10 M Sch 28080 or luminal K ϩ removal to inhibit P-type H ϩ ,K ϩ -ATPase activity, and 5-10 nM bafilomycin A 1 or 1-10 nM concanamycin A to inhibit H ϩ -ATPase activity. The results were comparable using either of each pair of inhibitors, and allowed us to show in control rabbits that 65% of net HCO absorption depended on 
Introduction
The kidney responds to the pathophysiologic entity of metabolic acidosis by increasing urinary acidification to restore homeostasis. Adaptation to acidosis occurs at the level of the proximal tubule, whereby increased brush border Na ϩ /H ϩ antiporter activity and increased basolateral Na ϩ (HCO ) 3 2 Ϫ cotransport occur (1, 2) . In the distal nephron the cortical collecting duct (CCD) 1 reverses the polarity of its flux from secreting HCO to secreting protons (3) , and the inner medullary collecting duct (IMCD) increases H ϩ secretion rate (4) (5) (6) . Under baseline conditions, the outer medullary collecting duct (OMCD) has the highest rate of H ϩ secretion (HCO absorption) of the collecting duct segments (7) . If this segment were capable of enhancing its rate of transport during metabolic acidosis, it could contribute greatly to the restoration of acid-base homeostasis. Whether or not the outer medullary collecting duct (OMCD) adapts to metabolic acidosis remains unclear. Most investigators (8) (9) (10) (11) have detected no change in HCO transport or steady state luminal pH (12) after in vivo metabolic acidosis. Indeed, in a major review of intercalated cell function, Schuster noted that "surprisingly, none of the studies of chronic acidosis using oral acid loading or chronic high P co 2 exposure has resulted in a significant alteration in the rate of net HCO reabsorption (H ϩ secretion) by rat or rabbit OMCD. " An exception was reported by McKinney and Davidson (13) , who found HCO absorption rate to be increased after acutely raising P co 2 . Moreover, there is definite morphological evidence for adaptation of the OMCD to chronic acidosis as seen by the increased apical surface density and decreased apical cytoplasmic tubulovesicular structures (14, 15) , as well as by increased apical labeling of H ϩ -ATPase, increased basolateral membrane labeling of band 3, and decreased band 3 labeling of multivesicular bodies of intercalated cells (15) .
The pathways for HCO absorption in the OMCD have been recently identified. The rabbit OMCD absorbs HCO , believed in large part to occur via an apical H ϩ -ATPase in series with a basolateral Cl Ϫ -HCO exchanger (16) (17) (18) . This segment does not actively transport Na ϩ , K ϩ , or Cl Ϫ (19) , suggesting an absence of typically functioning principal cells. With regard to the transporters and enzymes required for H ϩ secretion, the cells along the inner half of the inner stripe appear qualitatively similar but with different states of functional activity, at least in the rabbit (20) (21) (22) . Gluck and co-workers have demonstrated that a vacuolar H ϩ -ATPase is present in the apical membrane of OMCD cells (16, 17, 23) . During chronic metabolic acidosis, however, an increase in H ϩ -ATPase protein and mRNA was not detected (24) . Rather, in response to acidosis there was a polarization of H ϩ pumps from the cytoplasm to the apical membrane (24) . Presumably, this process of apical polarization allows more H ϩ pumps to be in contact with the luminal fluid, and hence allows more acidification to occur.
Recent data suggest that, in addition to the vacuolar H ϩ -ATPase, there might also be an apically oriented P-type gastric-like H -ATPase inhibitors totally eliminated net HCO absorption, indicating that these are the two most important H ϩ -translocating systems in the OMCD (27) . Given that the transporters mediating the high rate of H ϩ secretion in the OMCD have been elicited, it seemed appropriate to investigate if and how these transporters respond to the pathophysiologic stress of metabolic acidosis. The purpose of these studies was to establish the contributions of the vacuolar H ϩ -ATPase and P-type H ϩ ,K ϩ -ATPase under control and acidotic conditions. We also investigated whether or not a similar regulation occurs in response to an in vitro model of metabolic acidosis.
Methods
Animals. Female New Zealand white rabbits ( n ϭ 25) weighing 1.7-3.6 kg and maintained on normal laboratory chow (Purina lab diet 5326; Purina Mills, Richmond, IN) plus free access to tap water were used as control rabbits (Ctl) in this study. The diet provided 0.25% Na, 1.2% K, 0.5% Cl, and 1.1% Ca. An additional group of 23 rabbits of comparable weight (1.8-2.8 kg) was acid-treated (Acid) for 3 d by providing 75 mM NH 4 Cl added to a 5% sucrose drinking solution, which yielded an acid equivalent load of 10-15 meq/kg per d, and by limiting food intake to 2% of body weight (28) . This treatment has previously been shown to induce reliably metabolic acidosis in rabbits (28, 29) . The animals were weighed and then killed by intracardiac injection of 130 mg pentobarbital sodium after premedication with ketamine (44 mg/kg) and xylazine (5 mg/kg).
Tubule isolation. Kidneys were removed, and 1-2 mm coronal slices were made and transferred to chilled dissection medium containing (mM): 145 NaCl, 2.5 K 2 HPO 4 , 2 CaCl 2 , 1.2 MgSO 4 , 5.5 d -glucose, 1 Na 3 citrate, 4 Na lactate, and 6 l -alanine, pH 7.4, 290 Ϯ 2 mosmol/kg. OMCDs were dissected from the cortico-medullary rays. Attention was made to obtain the ducts from deep within the inner stripe (below the termination of S3 segments and adjacent to the medullary thick ascending limbs of Henle's loop); segments from the outer stripe were deliberately avoided. To maximize the reproducibility of this isolation, relatively short segments (0.5-0.7 mm) were obtained.
In vitro microperfusion. In vitro microperfusion was performed as described by Burg (30) (with modifications) (31) (32) (33) ). An isolated OMCD was rapidly transferred to a 1.2-ml temperature-and environmentally controlled chamber mounted on an inverted microscope, and perfused and bathed with Burg's solution (see Table I ) at 37 Њ C under an atmosphere of 94% O 2 /6% CO 2 (31) (32) (33) (34) . The collecting end of the segment was sealed into a holding pipette using Sylgard 184 (Dow Corning Corp., Midland, MI). 14-nl samples of tubular fluid were collected under water-saturated mineral oil by timed filling of a calibrated volumetric pipette. Collections were made in triplicate.
The specimen chamber and perfusate reservoir were continuously suffused with 94% O 2 /6% CO 2 to maintain ambient pH at 7.4 (34) . The flow rate of bathing solution entering the specimen chamber was maintained at 14 ml/h by a peristaltic pump.
Bicarbonate transport. The concentrations of total CO 2 (assumed to be equal to that of HCO ) in perfusate (C O ) and collected fluid (C L ) were measured by microcalorimetry (Picapnotherm; Microanalytical Instrumentation, Mountain View, CA). Because there is no net water absorption in the OMCD (8, 27, 35) , the rate of HCO transport (J HCO 3 ) was calculated as:
, where V L was the rate of collection of tubular fluid, L the tubular length (in mm), and J was in pmol/min per mm tubular length. We tried to improve the performance of the picapnotherm to prevent any fluid loss by using large flat LiOH granules, replacing them weekly, making volumetric pipettes with long constrictions to assure reproducibility, and by aspirating small amounts of water-saturated mineral oil into the pipette tip after obtaining the sample. When JHCO 3 was Ͼ 0, there was net HCO absorption equivalent to H ϩ secretion. The coefficient of variation for a 20-mM standard measured in quadruplicate by microcalorimetry was Ͻ 0.5% (Ͻ 23 counts per sample of 4,500 counts). This level of sensitivity allowed us to detect reliably HCO concentration differences of 1 mM between perfused and collected fluids. In practice, we perfused tubules at 3-4 nl/min per mm (1.5-2 nl/min), which generally resulted in a difference of ‫ف‬ 5 mM between perfused and collected fluids.
Transepithelial voltage (Vte). Transepithelial voltage was measured using the perfusion pipette as an electrode. The voltage difference between calomel cells connected via 3 M KCl agar bridges to perfusing and bathing solutions was measured with a high impedance electrometer (World Precision Instruments, New Haven, CT).
Collections of tubular fluid were initiated once the Vte had stabilized (Ն 45 min), and readings were recorded at the conclusion of each collection and averaged for each protocol.
Viability. Evidence for damaged cells and gross leak of perfusate was continually assessed by the inclusion of 0.15 mg/ml FD & C green dye to all perfusates during the study (31) . The experiment was discontinued if there was cellular uptake of the dye.
Experimental protocols. In most protocols, JHCO 3 was measured under baseline conditions (with Burg's solution in lumen and bath), and again after H ϩ secretion inhibition. Collections were started not less than 45 min after the tubule was brought to 37ЊC. The vacuolar H ϩ -ATPase was inhibited using the nM concentrations of the specific inhibitors bafilomycin A 1 and concanamycin A (27, 31, 36, 37) . The bafilomycins are macrolide antibiotics with a 16-membered lactone ring originally isolated from Streptomyces griseus (38) ; the concanamycins possess an 18-membered lactone ring, and were first isolated from Streptomyces diastatochromogenes (39) . In fact, the concanamycins show more than 20 times greater inhibitory effect than the bafilomycins on the vacuolar type ATPase (36) , and would therefore be considered superior H ϩ -ATPase inhibitors. Therefore, a concentration of 1 nM concanamycin A would be expected to inhibit more H ϩ -ATPase-dependent H ϩ secretion than 5 or 10 nM bafilomycin A 1 (36). The P-type H Table I ) (27) . In an additional protocol, we used Na ϩ -and K ϩ -free solutions (Table I) , the rationale being to inhibit a colonictype H ϩ ,K ϩ -ATPase, or a more promiscuous pump that can transport potassium or sodium in exchange for protons (41) . In general, the OMCDs were exposed to inhibitors for 10-15 min before collections were initiated. 3 h incubation. To study adaptation after equilibration and initial collections, we incubated OMCDs for 3 h in vitro. Previously, we had shown that incubation of CCDs for 1 h at pH 6.8 followed by 2 h at pH 7.4 caused a reversal of net HCO flux from secretion to absorption (31) . Because ␣-intercalated cells showed upregulation of H ϩ secretion, we used a similar approach to investigate adaptation of the OMCD of the inner stripe, which is comprised primarily of H ϩ -secreting cells (20) (21) (22) . The rationale for dividing the 3-h incubation into a 1-h exposure to low pH followed by a 2-h recovery was based on the expectation that renal cell physiology, metabolism, and protein synthesis would be better maintained at normal ambient pH, and that the adaptive process to respond to the acid stimulus would be facilitated at a higher pH (31) .
The control incubation solution was prepared by mixing 3 parts Dulbecco's modified Eagle's medium (DMEM) containing 44 mM NaHCO 3 (GIBCO BRL, Gaithersburg, MD), plus 5 parts Burg's solution containing 25 mM NaHCO 3 and 1 part HCO -free dissection solution, yielding a HCO concentration of 28 mM. The acid solution contained 3 parts DMEM without NaHCO 3 (GIBCO BRL), plus 2 parts Burg's solution and 4 parts dissection solution, yielding a HCO concentration of 6 mM (31, 32) . Solutions were applied to both apical and basolateral surfaces of the OMCD. The bathing solutions contained 30 U/ml penicillin, 30 g/ml streptomycin (GIBCO BRL), and 3.3% fetal bovine serum (GIBCO BRL). When the control solution was gassed at 37ЊC with 6% CO 2 , the pH was 7.40Ϯ0.02, whereas the acid solution gave a pH of 6.80Ϯ0.02.
After the 3-h incubation, collections were generally completed within 2-3 h so that the total time of each experiment was usually 7-8 h.
Chemicals. Bafilomycin A 1 was purchased from Sigma Chemical Co. (St. Louis, MO), and concanamycin A was purchased from Fluka Biochemical Co. (Ronkonkoma, NY). These inhibitors were dissolved in DMSO at 0.1% final concentration. All chemicals were of the highest reagent grade.
Statistics. Results are presented as meanϮSE, where n is the number of tubules. Data from each tubule before incubation or inhibition were compared with those from after incubation or inhibition in a paired t test. Comparisons of tubules from normal and acidtreated rabbits were performed by unpaired t test. P Ͻ 0.05 was considered significant. Statistical comparisons were performed using Number Cruncher Statistical Software (NCSS, Kaysville, UT).
Results
Dependence of net HCO absorption on body weight. We determined whether some of the variability in HCO transport rate could be explained by differences in the size of the rabbits from which they were obtained. In 25 OMCDs taken from control rabbits and perfused and bathed in Burg's solution (Table I ) the net HCO absorptive flux ( Fig. 1 ) averaged 12.8Ϯ0.3 pmol/min per mm, while transepithelial voltage averaged 3.6Ϯ0.2 mV. There was a highly significant correlation (r ϭ 0.83) between net HCO 3 flux and body weight of the rabbit from which the segment was obtained. Therefore, to determine the effects of in vivo acidosis on HCO transport, we studied segments taken from comparably sized control and acidotic animals.
Effect of in vivo acidosis on acid-base status and net HCO absorption. Blood taken from the hearts of 20 control animals at the time of death yielded a pH of 7.35Ϯ0.02, and a [HCO ] of 25.4Ϯ0.8 mM, while that from 19 acid-treated animals was significantly lower (pH of 7.18Ϯ0.02 and [HCO ] of 16.5Ϯ0.8 mM, respectively, P Ͻ 0.01 for each comparison). Urine taken by postmortem bladder aspiration yielded a pH of 8.0Ϯ0.1 in controls vs. 5.1Ϯ0.1 in acid-treated animals (P Ͻ 0.01). When killed, the mean weight of the control rabbits was 2.5Ϯ0.1 kg, while that of the acid-treated rabbits was 2.3Ϯ0.1 kg (not significantly different).
In 23 OMCDs taken from acid-treated rabbits ( Table II , P Ͻ 0.01), along with a 0.3 mV de-
crease in transepithelial voltage (2.7Ϯ0.1 to 2.4Ϯ0.1 mV, P Ͻ 0.05). Compared to the basal period, the collected fluid HCO concentration was 1.8 mM higher (P Ͻ 0.05) after Sch 28080 despite a significantly higher perfusion flow rate (Table II) . The subsequent addition of bafilomycin reduced the flux by 6.1 to 1.1Ϯ0.3 pmol (P Ͻ 0.01), and transepithelial voltage decreased by 1.1 to 1.3Ϯ0.3 mV (P Ͻ 0.01). With the addition of bafilomycin, there was a further 2.0-mM increase in collected fluid HCO concentration (P Ͻ 0.05) to nearly the perfused concentration. Similar results were obtained in four segments from acidotic animals with a higher basal flux of 17.1Ϯ0.5 pmol/min per mm. Sch 28080 decreased the flux by 5.5 pmol (32%) to 11.6Ϯ0.2 pmol (Fig. 3 , Table II , P Ͻ 0.01) as shown for control tubules, but without any statistical change in transepithelial voltage (4.2Ϯ0.3 to 4.0Ϯ0.5 mV). The collected fluid HCO concentration increased by 1.9 mM (P Ͻ 0.05) despite comparable flow rates (Table II) . The subsequent addition of bafilomycin reduced the flux by 10.4 pmol (70% greater decrement than in control segments) to 1.2Ϯ0.2 pmol (P Ͻ 0.01), and transepithelial voltage decreased by 1.2 to 1.8Ϯ0.3 mV (P Ͻ 0.01). Collected fluid HCO concentration was increased 3.7 mM by bafilomycin (P Ͻ 0.05), reaching within 0.5 mM of the perfused concentration.
To eliminate any effect of time or agent on the pattern of HCO transport, we applied bafilomycin before Sch 28080 in seven tubules with a baseline flux of 13.0Ϯ0.2 pmol/min per mm (Fig. 4 , Table III ) and a transepithelial voltage of 3.3Ϯ0.3 mV. After adding 5 nM bafilomycin, the flux had decreased by 6.8 pmol (53%) to 6.2Ϯ0.3 pmol/min per mm, and voltage had decreased by 1.2 to 2.1Ϯ.3 mV (P Ͻ 0.01 for both changes). Collected fluid HCO concentration was increased 2.2 mM by bafilomycin (P Ͻ 0.05) without any change in flow rate (Table  III) . The subsequent addition of Sch 28080 further decreased net flux by an additional 4.5 pmol to 1.6Ϯ0.3 pmol/min per mm (P Ͻ 0.01) along with a 0.3-mV decrease in transepithelial voltage (to 1.8Ϯ0.3 mV, P Ͻ 0.05) and a 1.4-mM increase in collected fluid HCO concentration (P Ͻ 0.05). Then, raising bafilomycin concentration to 10 nM significantly decreased net We made use of the observations that luminal K ϩ removal (a) was reversible, and (b) in previous studies showed comparable inhibition to that observed with Sch 28080 (26, 31) , and that (c) low concentrations of bafilomycin were also reversible (27, 31, 42) .
In four OMCDs evaluated for H,K flux (Fig. 5, Table IV ), the control net HCO flux was 13.3Ϯ0.1 pmol/min per mm. This flux was reversibly inhibited by 4.7 pmol (35%) to 8.6Ϯ0.1 pmol/min per mm by removing luminal K ϩ (P Ͻ 0.01).
A comparable inhibition of 4.7 pmol (35%) was then observed by applying 10 M Sch 28080 to the luminal fluid, thus reducing the flux to 8.6Ϯ0.1 pmol/min per mm (P Ͻ 0.01). There was no change in transepithelial voltage, which averaged 3.7Ϯ0.2 mV with each of these maneuvers. Collected fluid HCO concentration was increased 1.7 mM by removal of luminal K ϩ (P Ͻ 0.05), and was increased 1.5 mM by removal of Sch 28080 (P Ͻ 0.05) despite comparable perfusion flow rates in each period (Table IV) . Thus, the two inhibitors of the P-type H -ATPase (bafilomycin and concanamycin) had quantitatively similar effects on net HCO transport. Moreover, we have accounted for nearly all of the net HCO flux measured in isolated perfused OMCD of the inner stripe: 62% was H flux and 35% was H,K flux. The remaining 3% was assumed to be H flux for the subsequent experiments that made use of luminal K ϩ removal before and after a 3-h incubation.
Effect of in vivo acidosis on H flux and H,K flux. Using the removal of luminal K
ϩ to determine H,K flux (with the difference being H flux, as shown above to account for 97% of the total net HCO flux), we were able to estimate the contributions of H ϩ -ATPase and H ϩ ,K ϩ -ATPase to net HCO absorption in OMCDs from 11 control and 11 acid-treated animals. There was no difference in H,K flux in OMCDs from control versus acid-treated animals (see Fig. 2 ) (control, 5.9Ϯ0.2 pmol/ min per mm; acid, 5.8Ϯ0.2 pmol/min per mm; P ϭ NS). Acid ‡ significantly different from preceding period after basal. 
loading, however, appeared to induce significantly the H flux ( Fig. 2) Time course for acid incubation. To establish conditions for metabolic acidosis in vitro, we first performed three pilot studies to determine the minimum time required to stimulate H ϩ secretion (HCO absorption) in isolated perfused OMCDs. After equilibration of one tubule, it was evident that a minimum of 3 h of incubation at pH 6.8 was necessary for clearcut stimulation (Table VII) . In two other tubules, incubation for 1 h at pH 6.8 followed by 2 h at pH 7.4 achieved a comparable stimulation of H ϩ secretion (Table VII) . Shorter periods of incubation failed to stimulate reliably net HCO absorption.
Effect of in vitro acidosis on net HCO absorption. To better characterize the mechanism underlying this adaptation to in vivo metabolic acidosis, we incubated OMCDs from control animals for 1 h at pH 6.8 followed by 2 h at pH 7.4, as described above. In 5 OMCDs (Fig. 8, Table VIII ) the baseline flux was 12.3Ϯ0.3 pmol/min per mm, and increased significantly to 16.2Ϯ0.3 after acid incubation (P Ͻ 0.01). The increment was 3.9 pmol (32%), comparable in magnitude to that observed in segments taken from acid-treated vs. control animals. Transepithelial voltage was increased 16% (0.7 mV) in parallel with the electrogenic H ϩ pump (basal, 4.3Ϯ0.1 mV; acid-incubated, 5.0Ϯ0.1 mV; P Ͻ 0.01). Collected fluid HCO
concentration was decreased by 1.5 mM from a mean of 19.9Ϯ0.3 mM to 18.4Ϯ0.4 mM after acid incubation (P Ͻ 0.05), despite comparable perfusion flow rates (Table VIII) .
When this adaptation was analyzed for changes in specific fluxes, there was no change in H,K flux (solid and lower portion of stacked bars in Fig. 8 ; basal, 4.9Ϯ0.2 pmol/min per mm; acid-incubated, 4.7Ϯ0.2 pmol/min per mm; P ϭ NS). There was, however, a 53% (4 pmol) increase in H flux (stippled portion of bars; basal, 7.5Ϯ0.2 pmol/min per mm; acid-incubated, 11.5Ϯ0.2 pmol/min per mm; P Ͻ 0.01). Again, the combination of inhibitors brought collected fluid HCO concentration to within 0.2 mM of the perfused concentration (Table VIII) .
For time controls we incubated 4 OMCDs for 3 h at pH 7.4. There was no change in net flux, H,K, or H flux (Fig. 8) , or transepithelial voltage (basal: 11.8Ϯ0.4 pmol/min per mm, 4.7Ϯ0.4 pmol/min per mm, 7.1Ϯ0.4 pmol/min per mm, and 3.9Ϯ0.4 mV, respectively; pH 7.4 incubated: 11.7Ϯ0.4 pmol/ min per mm, 4.6Ϯ0.4 pmol/min per mm, 7.1Ϯ0.3 pmol/min per mm, and 3.9Ϯ0.3 mV, respectively; P ϭ NS for each comparison). In addition, the collected fluid HCO concentrations before and after incubation at pH 7.4 were comparable in the presence or absence of luminal K ϩ (Table IX) . OMCDs taken from control animals. Data are meanϮSE (SE Ͻ 0.05 are rounded to 0.1). Perf. HCO , perfusion concentration of HCO ; Coll. HCO , collected fluid concentration of HCO ; Jhco 3 , net bicarbonate flux; Baf 5, 5 nM bafilomycin; Con 1, 1 nM concanamycin; Con 10, 10 nM concanamycin. *Significantly different from basal parameter; ‡ significantly different from preceding period after basal. 
Effect of in vitro acidosis on net HCO absorption in OMCDs from acid-reated animals.
To better understand the mechanism of adaptation of the OMCD in response to acidosis, we investigated whether tubules from in vivo acid-treated animals and tubules exposed to low pH in vitro could further regulate HCO transport. In six OMCDs from acid-treated animals (Fig. 9 , Table VIII) the baseline flux was 16.7Ϯ0.3 pmol/min per mm, and increased significantly to 21.3Ϯ0.3 after acid incubation (P Ͻ 0.01). The increment was 4.6 pmol (28%), comparable in magnitude to that observed in segments from control animals incubated under similar conditions. Transepithelial voltage increased by 11% (0.6 mV) in parallel with the electrogenic H ϩ pump (basal, 5.5Ϯ0.3 mV; acid-incubated, 6.1Ϯ0.4 mV; P Ͻ 0.01). Collected fluid HCO concentration decreased
by 1.7 mM (P Ͻ 0.05) from a mean of 18.9Ϯ0.3 to 17.2Ϯ0.5 mM after acid incubation, despite comparable perfusion flow rates (Table VIII) .
When this adaptation was analyzed for changes in specific fluxes, there was no change in H,K flux (solid portion of bars in Fig. 9 ; basal: 5.5Ϯ0.3 pmol/min per mm; acid-incubated: 5.6Ϯ0.3 pmol/min per mm; P ϭ NS). There was, however, a 37% (4.2 pmol) increase in H flux (stippled part of bars; basal, 7.5Ϯ0.2 pmol/min per mm; acid-incubated, 11.5Ϯ0.2 pmol/ min per mm; P Ͻ 0.01). This increment was comparable to what was observed in OMCDs taken from control animals and exposed to acid incubation, and thereby represents an additive effect of in vivo acidosis plus in vitro acidosis. The combination of inhibitors brought collected fluid HCO con- ‡ significantly different from preceding period after basal.
centration to within 0.2 mM of the perfused concentration (Table VIII).
For time controls, we incubated five OMCDs taken from acid-treated animals for 3 h at pH 7.4. After this incubation there were small changes in HCO , H,K, and H fluxes (Fig. 9) , and transepithelial voltage that bordered on significance (Table IX) .
Discussion
These studies are the first to show that the OMCD from the inner stripe responds to metabolic acidosis by increasing H ϩ secretion, an adaptation that is appropriate for maintaining acidbase homeostasis of the animal. Previous studies have not shown functional regulation at the level of the OMCD in response to acidosis (8) (9) (10) (11) 35) , although other segments of the distal nephron, including the CCD (8, 9, 25, 31-33, 35, 43) and IMCD (4-6), have been shown to adapt to acidosis. Therefore, it is surprising that adaptation has not previously been demonstrated in this segment (7) . Indeed, in a recent series of studies in the CCD, we found initially that a response to in vitro acidosis could not be demonstrated in ␣-intercalated cells, but were confined primarily to decreased HCO secretion by ␤-intercalated cells (10, 44) . When we focused carefully on ␣-intercalated cell function in the CCD using specific inhibitors of the vacuolar H ϩ pump and basolateral Cl Ϫ -HCO exchanger (31), however, we were able to show that increased H ϩ secretion in response to in vitro acidosis occurred.
Using a monoclonal antibody directed against the 31-kD subunit protein of the vacuolar H ϩ -ATPase, Bastani et al. (24) showed rapid and striking changes in the immunocytochemical distribution of H ϩ -ATPase in the inner stripe of outer medulla (14) in the intercalated cells of the rat outer medulla. Using morphometric analysis and comparing to control rats, they showed a significant increase in surface density of the apical plasma membrane, along with a striking depletion of apical tubulovesicular structures in intercalated cells from kidneys of chronic acid-loaded rats. Thus, based on these careful immunocytochemical and electron microscopic studies, it is surprising that previous transport studies have failed to show adaptive increases in H ϩ secretion (HCO absorption) in the OMCD.
Our investigation of the details of this regulation in the OMCD in response to metabolic acidosis indicate that it occurs via increased activity of the vacuolar H ϩ -ATPase, and not of the H ϩ ,K ϩ -ATPase. This finding was demonstrated in two different ways: (a) in vivo acid treatment, and (b) in vitro acid incubation. We generated metabolic acidosis in rabbits using chronic 3 d NH 4 Cl loading and restriction of chow, as previously described (28, 29) . We compared animals of comparable weight and age, and always limited our perfused segments to the deep inner stripe of the outer medulla. In view of the marked cellular heterogeneity along the distal nephron (14, 15, 17, 20, 22) , failure to obtain consistently segments from the same region of the outer medulla is likely to increase scatter among the transport data obtained from multiple animals. Moreover, in our study, basal net HCO flux in OMCDs from the inner stripe was significantly correlated with weight of the animal, such that the predicted flux from a 1.5 kg animal was 2.3 pmol less than that from a 2.5-kg rabbit (see Fig. 1 ; this is about half the total adaptation observed during in vivo metabolic acidosis).
To investigate the mechanisms of acidification in this segment, and to minimize the concerns regarding the specificity of any single pharmacologic agent, we used two different inhibitors of each of the known H ϩ -secreting ATPases. We used bafilomycin A 1 and concanamycin A to inhibit the vacuolar H ϩ -ATPase (27, (36) (37) (38) (39) , and Sch 28080 and luminal K ϩ removal to inhibit the P-type H ϩ ,K ϩ -ATPase (25-27, 37, 41, 45). Previous studies have indicated that bafilomycin or concanamycin in the nanomolar range had little inhibitory effect on F 1 F 0 (F-type) or E 1 E 2 (P-type) ATPases (36, 37, 46) . Similarly, Sch 28080 in the micromolar range was found previously to inhibit collecting duct H (47) , or the Na ϩ -independent rate of intracellular pH recovery from an acid load in cultured OMCD cells (48) . Luminal K ϩ removal has no short-term toxicity, and inhibits HCO transport to an extent comparable to that of Sch 28080 (26) . One cannot rule out, however, the possibility that our inhibitors, through other mechanisms, might have influenced HCO transport. The inhibition of HCO absorptive flux in the present studies was comparable for bafilomycin versus concanamycin, and for Sch 28080 versus luminal K ϩ removal. The results allowed us to account for 97% of the net HCO absorption (H ϩ secretion) rate. We consistently . Each pair of stacked bars indicates a basal condition from acid-treated animals (ACID) with an arrow pointing to the post-incubation data. Incubation for 1 h at pH 6.8 followed by 2 h at pH 7.4 (left side pair of stacked bars) has been termed in vitro metabolic acidosis (pH 6.8); incubation for 3 h at pH 7.4 (right side) is a time control. *Significantly different from basal condition, applying to the increase in H flux after incubation at pH 6.8. Ϫ 3 found that 35% of the rate was due to the P-type H These data differ somewhat from those of Wingo's laboratory (26, 27, 49) , which show ‫ف‬ 70% of HCO flux is sensitive to inhibition of H ϩ ,K ϩ -ATPase, and only 30% to inhibition of the vacuolar H ϩ -ATPase. The results do agree in that the combination of inhibitors totally eliminates net HCO absorption (27) , indicating that the vacuolar H ϩ -ATPase and the P-type H ϩ ,K ϩ -ATPase are the two main proton pumps in the OMCD of the inner stripe. Perhaps different diets or slightly different perfused sections of the inner stripe OMCD yielded slightly different findings. In addition, the transepithelial voltages observed by us were somewhat lower than those observed previously by others (19, 26, 27) . The changes observed, however, after stimulation of H ϩ secretion in vitro or in vivo, or after inhibition of H ϩ secretion by specific H ϩ -ATPase inhibitors, were in the directions expected for an electrogenic proton pump. Note that Armitage and Wingo did not see any reduction of positive transepithelial voltage by bafilomycin (27) , a finding that differs from that observed in the present study and in a previous one in the HCO -absorbing CCD (31) . Furthermore, our data are more in line with those in perfused OMCDs published by Hays and Alpern which showed that N-ethylmaleimide (a less specific H ϩ -ATPase inhibitor), but not Sch 28080, inhibited the initial rate of Na ϩ -independent cell pH recovery from an intracellular acid load (50) , and with those in cultured OMCD cells published by Manger and Koeppen (48) which showed that bafilomycin (a specific H ϩ -ATPase inhibitor) completely inhibited Na ϩ -independent cell pH recovery from an intracellular acid load.
Using the specific inhibitors and comparing OMCDs taken from acid-loaded and control rabbits, we found that in vivo acidosis caused a 4-pmol elevation in net HCO flux, entirely mediated by a 56% increase in vacuolar H 
